We report a detailed theoretical study of the hydrogen abstraction reaction from methanol by atomic hydrogen. The study includes the analysis of thermal rate constants, branching ratios, and kinetic isotope effects. Specifically, we have performed high-level computations at the MC3BB level together with direct dynamics calculations by canonical variational transition state theory (CVT) with the microcanonically optimized multidimensional tunneling (μOMT) transmission coefficient (CVT/μOMT) to study both the CH 3 OH + H → CH 2 OH + H 2 (R1) reaction and the CH 3 OH + H → CH 3 O + H 2 (R2) reaction. The CVT/μOMT calculations show that reaction R1 dominates in the whole range 298 ≤ T (K) ≤ 2500 and that anharmonic effects on the torsional mode about the C-O bond are important, mainly at high temperatures. The activation energy for the total reaction sum of R1 and R2 reactions changes substantially with temperature and, therefore, the use of straight-line Arrhenius plots is not valid. We recommend the use of new expressions for the total R1 + R2 reaction and for the R1 and R2 individual reactions.
I. INTRODUCTION
The combustion of methanol is a complex process which is not completely understood, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] although the importance of the H and OH radicals in the early stages of the combustion is well established; these radicals are formed mainly from unimolecular decomposition of methanol. 11, [14] [15] [16] For instance, the hydrogen abstraction reaction by atomic hydrogen consumes a significant fraction of the methanol, particularly under fuel-rich conditions, 5 through the reactions:
CH 3 OH + H → CH 2 OH + H 2 (R1)
There is a third possible reaction, which could compete with the R1 and R2 hydrogen abstraction reactions, that leads to the formation of methyl radicals:
However, the experiments on the pyrolysis of methanol carried out by Aronowitz et al. 17 in the temperature range 1070-1225 K and the discharge flow reactor experiments carried out by Hoyermann et al. 18 between 500 and 680 K indicate that the disappearance of methanol through this channel is only minor. This aspect has also been confirmed by theoretical calculations. Reactions R1 and R2 involve the formation of the hydroxymethyl CH 2 OH and methoxy CH 3 O radicals, respectively. The formation of these two radicals and the ratio between their concentrations is of great importance in the combustion of methanol because the two species are isomers that have different reactivities. Direct measurements of the total hydrogen abstraction (R1 + R2) thermal rate constants were carried out by Aders and Wagner, 20 Meagher et al., 21 and Hoyermann et al. 18 These experiments were performed in the temperature range T = 295-680 K. At higher temperatures (between T = 1000 and 2740 K), the total abstraction rate constants were obtained from lean methanol flames 14 and from the pyrolysis of methanol 16 -in both cases the measurement of the thermal rate constants is complicated by side reactions. There is a significant discrepancy between the low-temperature experiments, which yield activation energies about 5.4 kcal/mol, and the high-temperature activation energies reported by Vandooren and Tiggelen 14 and by Cribb et al. 16 with values of 2.6 and 14.1 kcal/mol, respectively. Tsang 22 gave a recommended expression in the temperature range of T = 600-2000 K using bond-order bond-energy (BEBO) transition state calculations to fit the low-temperature experiments and those of Vandooren and Tiggelen. 14 To our knowledge, the latest review on the R1 + R2 hydrogen abstraction reactions was carried out by Baulch et al., 23 who disregarded the low-temperature data of Meagher et al. 21 obtained by electron spin resonance (ESR) and used the mean value of the results of Vandooren and Tiggelen 14 and Cribb et al. 16 at T = 2000 K. The recommended expressions reported by Tsang 22 and by Baulch et al. 23 give similar results at about T = 600 K, but they disagree by more than a factor of 4 at T = 2000 K, as a consequence of including different experimental results in their fits at high temperatures.
Another aspect about which there is very little information is the branching ratio between R1 and R2 because the above experiments do not distinguish between the two reactions. For instance, Held and Dryer 7 indicated that reaction R1 dominates at low temperatures and that the ratio of the two reaction rate constants does not change with temperature. Tsang, 22 using experimental data on methyl attack on methanol, recommended a k R1 /k R2 value of 4 with an uncertainty factor of 3, where k R1 and k R2 are the thermal rate constants of reactions R1 and R2, respectively. Li and Williams 10 gave a temperature-dependent expression for the ratio k R1 /k R2 constants, but the accuracy of their result is difficult to assess, since it is based on a methanol combustion mechanism that involves 92 elementary reactions.
As indicated above, both the values of the thermal rate constants for the hydrogen abstraction reactions from methanol and the branching ratios are uncertain mainly due to the large number of side reactions that must be considered. In cases like this, theoretical calculations can be useful. Several authors have carried out electronic structure calculations at various levels of theory 19, [24] [25] [26] [27] [28] [29] [30] [31] [32] and have computed thermal rate constants. 19, [26] [27] [28] [29] 32 We are concerned here only with gasphase studies. The thermal rate constant obtained by Lendvay et al. 19 and Jodkowski et al. 26 were calculated by combining conventional transition state theory 33 with one-dimensional tunneling corrections (Wigner correction 34 in Ref. 19 and Eckart barrier correction 35 in Ref. 26 ). Carvalho et al. 32 performed zero-order interpolated variational transition state 36 with zero-curvature tunneling 37 (ZCT) corrections for tunneling. Kerkeni and Clary 28 applied a two-dimensional reduced dimensionality quantum dynamics model to reactions R1 and R2 and pointed out the importance of including quantum effects for both reactions. In this context, it should be noticed that both the one-dimensional and the ZCT models for tunneling seriously underestimate those quantum effects, [38] [39] [40] [41] [42] so an approach based on multidimensional tunneling paths is needed.
Variational transition state theory [43] [44] [45] [46] [47] with multidimensional corrections for tunneling 39, 42, [47] [48] [49] [50] [51] [52] [53] (VTST/MT) can yield accurate thermal rate constants 41, 54 for reactions with important quantum effects. It can also account for recrossing effects, so, the accuracy of the VTST/MT results depends largely on the accuracy of the potential energy surface. For the hydrogen abstraction reaction R1, VTST/MT calculations have been carried previously by Chuang et al., 27 but the results were handicapped by the low accuracy of the electronic structure calculations, which yield a gas-phase classical barrier height of 7.8 kcal/mol, which differs considerably from benchmark calculations performed at the W1RO level 55 that lead to a classical barrier height of 9.6 kcal/mol 56 and from a later estimate of 9.7 kcal/mol. 30 Nowadays, it is possible to use VTST/MT together with electronic structure calculations that are very close to chemical accuracy. In this context, it is the main goal of this work to provide reliable thermal rate constants for reactions R1 and R2, so in the first place we perform electronic structure calculations at one of the most accurate levels for reaction R1, as suggested in a comprehensive examination 30 of R1, and in the second place, we apply VTST/MT.
Another aspect of interest, which may help to identify the main channel for hydrogen abstraction, is the evaluation of the kinetic isotope effects (KIEs). Meagher et al. 21 have reported experimental thermal rate constants for the reaction,
in the temperature range 298 ≤ T (K) ≤ 575. Hoyermann et al., 18 in the temperature range 500 ≤ T (K) ≤ 680, prepared deuterated methanol and reported values of the thermal rate constants for the reactions,
In the analysis of the products of reactions R5 and R6 those authors detected the presence of CD 2 O, CDOH, and CD 2 HOH radicals, which can be obtained by fast reactions of the radicals CD 2 OD and CD 2 OH with atomic hydrogen. The products CDOH and CD 2 HOH can only be obtained from hydrogen abstraction reactions from the methyl group, whereas the CD 2 O radical can also be obtained from the methoxy radical. Therefore, they could not unambiguously conclude that reaction R1 dominates at those temperatures. From the theoretical point of view, the detailed analysis of KIEs can bring additional information about the role played by quantum effects on these systems, so we include reactions R4 and R5 in the present VTST/MT study.
II. METHODOLOGY
In this section, we first describe the method used to carry out the electronic structure calculations to build the potential energy surface, and after that, we briefly describe canonical variational transition state theory with multidimensional tunneling corrections.
II.A. Electronic structure
Benchmark calculations of reaction energies, barrier heights, and transition state geometries for reaction R1 were reported by Pu and Truhlar. 30 Those authors classified the methods by their asymptotic computational scaling behaviors N α (where N is the number of atoms and α is a parameter in the range 3-7), obtaining, for reaction R1, a consensus value from the N 7 methods for the forward barrier and reaction energy of 9.7 and −6.3 kcal/mol, respectively. These values are very close to those obtained at the W1RO and W1BD levels which lead to values of 9.6 kcal/mol for the barrier height and −6.1 and −6.0 kcal/mol, respectively, for the reaction energy, as shown in Table I . In this work, we use one of the methods that Pu and Truhlar 30 recommend for high-level dynamics calculations, i.e., the multicoefficient three-parameters Becke88-Becke95 (MC3BB) method, 57 which yields a barrier height of 9.8 kcal/mol. This method also gives a very show that reaction R1 is exothermic whereas reaction R2 is almost thermoneutral (although most of the theoretical methods listed in Table I predict a slight endothermicity). The CCSD(T,full)//MP2(full)/cc-pVTZ and CCSD(T,full)/ccpVTZ method gives similar results to the MC3BB methods, but the latter is more suitable for dynamical calculations because it scales as N 5 , whereas CCSD(T, full) methods scale as N 7 . On the other hand, the G2 calculations carried out by Lendvay et al. 19 and by Jodkowski et al., 26 which also scale as N 7 , yield to reaction barrier heights that are probably too high by more than 0.5 kcal/mol.
The MC3BB method merges scaling-all-correlation theory 59 with a modification of the Becke88-Becke95 60, 61 one-parameter model for kinetics 62 (BB1K) with empirical parameters to make the method more accurate than other methods scaling as N 5 . The MC3BB energy is obtained by the expression,
where the empirical coefficients c 1 and c 2 are equal to 1.332 and 0.205, respectively; BBX is the same as BB1K except that the percentage of Hartree-Fock exchange is 39% instead of 42%; DIDZ refers to the 6-31+G(d,p) basis set, 63 and MG3S is a minimally augmented polarized triple-ζ basis set. 
II.B. Reaction rates
The thermal rate constants for the hydrogen abstraction reactions from methanol were calculated by means of canonical variational transition-state theory with a multidimensional treatment of tunneling (CVT/MT). 46, 65 All the electronic structure calculations were performed at the MC3BB level using a direct dynamics approach, 66 i.e., the points to build the potential energy surface needed for the dynamics were calculated "on the fly." The canonical variational version of transition state theory implies that the reactants are equilibrated canonically (in a fixed-temperature ensemble) and that the transition state dividing surface (the bottleneck for reaction) minimizes the one-way flux toward products by passing through the point on the minimum energy path 37, 67, 68 (MEP) that presents a maximum in the generalized free energy of activation. 46, 69, 70 The MEP is the union of the paths of steepest descent in isoinertial coordinates from the saddle point to the reactants and to the products, and the signed distance along this path is labeled as s. The MEP was followed in mass-scaled Cartesian coordinates (mass-weighted Cartesian coordinates divided by the square root of an arbitrary scaling mass μ) by the Page -McIver method 71 using a stepsize of 0.005 a 0 and a scaling mass μ = 1, and Hessians were calculated each nine steps. All the harmonic vibrational frequencies along the MEP were obtained using redundant internal coordinates 72 and scaled by a factor of 0.9669. 57 The CVT/MT expression to evaluate thermal rate constants, k CVT/X , at a given temperature, T , is given by
where κ CVT/X is the ground-state transmission coefficient computed with the multidimensional method X , and k CVT (T ) is the quasiclassical canonical thermal rate constant chosen as the point of the MEP in which the free energy of activation has a maximum, or similarly, as the generalized transition (GT) at which is located the bottleneck for reaction.
) is the product of the rotational, vibrational, and electronic partition functions of the generalized transition state. Here, R (T ) is the partition function of reactants per unit volume and is given as the product of the partition functions for the two reactant species and their relative translational motion. Note that we omit symmetry numbers from rotational partition functions and instead accumulate these in an overall symmetry number σ , as discussed further below.
The term "quasiclassical" means that, except for the reaction coordinate, which corresponds to the mode with imaginary frequency at the transition state, all the remaining 3N − 7 vibrational modes (3N − 6 modes for linear molecules; N being the number of atoms) are treated quantally by using quantum vibrational partition functions in the rate constant expression of Eq. (3). Quantum mechanical effects on the reaction-coordinate motion are incorporated by the groundstate transmission coefficient, 47, 75 which multiplies the rate constant of Eq. (2) and is given by
where κ CVT/CAG corrects for the different thresholds which may have the CVT thermal rate constant and the tunneling transmission coefficient κ X . 75 For reactions with tight transition states, such as reactions R1 and R2, κ CVT/CAG is usually very close, within 5%, to unity. The tunneling transmission coefficient κ X is given by
where P X (E) is the semiclassical ground-state reaction probability computed by approximation X . The lower limit of the integral is the lowest energy at which it is possible to have tunneling, i.e., it is the energy of the reactant zero-point level when the reaction is written in the exoergic direction; V AG a is the maximum of the vibrationally adiabatic potential which is given by
where G int (s) denotes the zero-point energy (ZPE) of the vibrational modes transverse to the MEP.
In the present work, the semiclassical probability P X (E) at every tunneling energy E has been calculated by the microcanonically optimized multidimensional tunneling (μOMT) approximation, 76 which chooses the largest value between the small-curvature tunneling [77] [78] [79] [80] (SCT) probability, P SCT (E), and the large-curvature tunneling 50, 53, 76, 79, [81] [82] [83] [84] [85] (LCT) probability P LCT (E); the latter being evaluated with the version 4 of the LCT method,
The LCT tunneling probabilities were evaluated using the interpolated large-curvature tunneling in two dimensions 86 (ILCT2D) algorithm. The electronic structure calculations were performed with GAUSSIAN03, 87 the thermal rate constants CVT/μOMT were calculated with version 9.7 of the POLYRATE program. 88 A modified version of the GAUSSRATE9.7 89 program made the linkage between the two packages. Some of the data shown in Sec. III were extracted from graphs made by the WINDIG program, 90 i.e., from: Fig 
III. RESULTS AND DISCUSSION
In this section, we first describe some important issues related to the stationary points of the hydrogen abstraction reaction, which includes the anharmonic treatment of the torsional mode about the C-O bond, then we discuss the CVT/μOMT calculations carried out in this work, initially in the context of previous theoretical calculations and second in the context of the experiment. Finally, we discuss the results obtained in this work for the branching ratios and KIEs.
III.A. Stationary points
All electronic structure calculations needed for the dynamics calculations were carried out at MC3BB level. 57 The optimized geometries of the stationary points are shown in Fig. 1 . The equilibrium configuration of methanol has C s point-group symmetry. The hydrogen atom can be abstracted from the CH 3 group or from the OH group, forming the hydroxymethyl radical (reaction R1) or the methoxy radical (reaction R2) from the transition states TS-R1 and TS-R2, respectively. For reaction R1, the hydrogen atom from the methyl group is abstracted in a gauche conformation, forming a dihedral angle with the hydrogen atom of the hydroxyl of 74
• . This transition state is chiral and, therefore, it has one enantiomer. The interconversion between enantiomers is possible by rotation about the C−O bond. The top of the rotational barrier is a second-order saddle point and corresponds to the eclipsed conformation. The calculated barrier height at the MC3BB has a value of 2.9 kcal/mol with respect to the saddle point energy. The interconversion is also possible through a second-order saddle point corresponding to an anticonformation, but in this case the barrier is higher, i.e., The potentials were fitted to cosine Fourier series given by Eqs. (12), (13), and (14) and shown in the plot as solid line, dashed line, and dotted line for methanol, TS-R1 and TS-R2, respectively.
4.0 kcal/mol. Chuang et al. 27 using a semiempirical method obtained similar barriers of 3.3 and 4.2 kcal/mol for the eclipsed and anti conformations. Those authors pointed out that the barriers between transition states (which are the minima along the torsion coordinate) are high enough, so they can be treated as two independent reactive channels.
Several theoretical works 26, 28, 32 ignored the chiral nature of the transition state and pointed out that for reaction R1 because methanol has three reactive hydrogens, the symmetry number entering the transition state theory expression [same as Eq. (3) but with the dividing surface located at the transition state] should be 3. It should be noticed that the symmetry number is given by 73, 74 
where n TS and n R are the number of enantiomers of the transition state and the reactants, respectively; σ R and σ TS are the symmetry numbers of the rotational partition function of the reactants and the transition state, respectively. Taking into account that the minimum-energy configuration of methanol belongs to the C s point-group symmetry (so σ R = 1) and that the transition state has two enantiomers, the symmetry number for reaction R1 is 2. To our knowledge, this issue was only correctly addressed by Chuang et al. 27 . Hereafter, all the theoretical rate constants that included a factor of 3 (Refs. 26,28, and 32) were multiplied by 2/3 to correct the symmetry number.
For reaction R2 the symmetry number is the unity.
III.B. Anharmonicity
The previous theoretical works [26] [27] [28] 32 have treated the torsional motion of the methyl group of methanol as a harmonic-oscillator (HO) vibration, i.e., the partition function, Q HO,CH 3 
This may not be a good approximation at high temperatures, so we have calculated the torsional potential about the C-O bond by performing MC3BB calculations every 5 o , in which all geometric parameters were optimized with the exception of the dihedral angle. The calculations were carried out on methanol and on both transition states, TS-R1 and TS-R2. The results are plotted in Fig. 2 . It should be noticed that the two chiral transition states of reaction R1 are now connected by the torsional potential, so instead of using the HO partition function and include the symmetry number of Eq. (8), which accounts for the two enantiomers, it is better to consider a multiconformer harmonic-oscillator (MC-HO) partition function, which, in general, is given by
where U j is the energy of well j relative to the lowest well of the torsional potential, ω tor,j is the harmonic frequency of well j, and the sum runs over the P distinguishable conformers. If there is only one conformer then Eq. (10) reduces to Eq. (9). For transition state TS-R1, P = 2, whereas for both TS-R2 and methanol P = 1 (so in this case we use either the HO or the MC-OH expression).
The one-dimensional hindered-rotor partition function can be calculated conveniently by the torsional eigenvalue summation (TES) method, 91 and we simplify the calculations by assuming that: (i) the reduced moment of inertia, I , is independent of the reaction coordinate and (ii) the potentials can be accurately fitted to a cosine Fourier series of the type,
where b 0 , b n , n = 1, . . . , n max are parameters. We have calculated the reduced moments of inertia of methanol, TS-R1, and TS-R2 at the equilibrium configurations using the scheme developed by Pitzer, 92 which allows the calculation of a single asymmetric top attached to a rigid frame. The calculated reduced moments of inertia (in atomic units) for methanol, TS-R1, and TS-R2 have values of 3956.3, 4439.8, and 12191, respectively. For the relaxed scans starting at each of the three stationary points, the largest variation of the reduced moment of inertia along the torsion coordinate with respect to the equilibrium value was smaller than 3%, so approximation (i) is very good in this case.
As shown in Fig. 2 , the cosine Fourier series potentials for methanol,
TS-R1, V (φ) TS−R1 /cm −1 = 632.053−317.0 cos(φ) + 548.3 cos(2φ) + 119.9 cos(3φ) + 23.0 cos(4φ), (13) and TS-R2, V (φ) TS−R2 /cm −1 = 251.859 + 260.4 cos(3φ) + 11.5 cos(6φ) + 1.1 cos(9φ), (14) fit the MC3BB torsion potential accurately.
The TES partition function is simply obtained from eigenvalue summation of the torsional coordinate, i.e.,
where E j are the energies (eigenvalues) obtained from solving the Schrödinger equation (see Ref. 91 for details) and j max is the total number of eigenvalues, which should be large enough so that the calculated partition function is converged (usually j max = 200 suffices); σ tor is the symmetry number due to torsion (number of indistinguishable minima due to internal rotation), which is the unity for TS-R1 and 3 for both methanol and TS-R2. The lowest eigenvalue of the TES method gives the zero-point energy of the torsional potential, and, therefore, the frequency associated to it. The harmonic frequencies associated to the C-O bond torsion in methanol, TS-R1, and TS-R2 are 290, 359, and 190 cm −1 , respectively, whereas the anharmonic frequencies obtained by the TES method are 250, 342, and 186 cm −1 , respectively. We denote as Q MC−HO−Z tor the ZPE corrected MC-HO partition function with the TES calculated frequencies. The total anharmonicity on the torsional mode is the product of two effects: (1) that due to corrections in the ZPE, which is given by the quotient Q Table II , in general, the anharmonicity is more important for the equilibrum configuration of methanol, when compared with the transition states TS-R1 and TS-R2 because the former has the lowest torsional barrier of the three of them. At low temperatures the ZPE effect is quite important, and at T =300 K there is an important ZPE effect in methanol that makes the MC-HO-Z partition function 16% higher than the MC-HO partition function. As the temperature increases more levels are populated, and the leading effect is the level separation, which remains constant in the harmonic oscillator whereas it may decrease in the anharmonic treatment. As a consequence, the harmonic partition function increases faster than the TES partition function and at T =2500 K it is 41% higher for the equilibrium configuration of methanol. This effect is also important for TS-R2 and at T =2500 K the MC-HO partition function is 28% higher than the TES partition function. For TS-R1, which has the largest torsional barriers of the three configurations considered here, the TES partition function is less than 10% higher than the MC-HO partition function at 300 and 2500 K (the discrepancy is larger at some intermediate temperatures, i.e., about 20% at T = 1000 K), so in general the harmonic approximation is better than for TS-R2 and for methanol.
III.C. Theoretical thermal rate constants
The thermal rate constants obtained by TST, CVT, CVT/ZCT, and CVT/μOMT methods for the hydrogen abstraction are listed in Table III . Note that here we use the acronym TST, or the superscript ‡, to denote conventional transition state theory results without tunneling but with anharmonic treatment of the C-O bond torsion. In fact all the thermal rate constants listed in Table III were obtained by multiplying the thermal rate constants obtained using the harmonic approximation for all the degrees of freedom by the coefficient, α ‡ tor , which includes the anharmonic effects on the torsional modes, i.e., for the TST thermal rate constant,
where k 
In Eq. (17) the symbol ‡ refers to TS-R1 or to TS-R2 depending whether we are discussing reaction R1 or reaction R2, and CH 3 OH refers to methanol in its equilibrium configuration. At T = 300 K, the coefficients α TS−R1 tor and α TS−R2 tor are 0.93 because in both cases the anharmonicity is mainly due to the ZPE effect in methanol. At high temperatures both methanol and TS-R2 show important deviations from the MC-HO partition functions. This is not the case for TS-R1, so the quotient between partition functions deviates more from the harmonic oscillator approximation for R1 than for R2. For instance, at T = 2500 K α TS−R1 tor and α TS−R2 tor are 1.56 and 1.11, respectively. Since R1 is the dominant channel for the hydrogen abstraction reaction, the anharmonic treatment of the torsional mode slightly lowers the total thermal rate constants at room temperature and moderately rises them at high temperatures, when compared to the harmonic oscillator values. 
R1 R2
T (K) TST CVT CVT/ZCT CVT/μOMT TST CVT CVT/ZCT CVT/μOMT a Powers of ten in parenthesis.
The ZCT and μOMT transmission coefficients are given in Table IV . The LCT transmission coefficients are not listed because they were always smaller than the SCT ones; the latter coincided at all temperatures in the interval of temperatures 300-2500 K with the μOMT transmission coefficients. The barrier height for reaction R1 is much lower than that for reaction R2, and the dynamics calculations confirm that reaction R1 is faster than reaction R2 between 300 and 2500 K and only at high temperatures does the contribution of R2 start to be important. Tunneling is more important for reaction R2, with the μOMT transmission coefficient at T = 300 K being 29.8 (2.45 times larger than for reaction R1.) However, the variational effects decrease the rate constants at T = 300 K by a factor of 0.67, and the CVT/μOMT rate constant is just 19.9 times larger than the TST one. For reaction R1, tunneling is less important, but variational effects are very small, and, therefore, at T = 300 K the CVT/μOMT rate constant is 11.2 times larger than the TST result, with a μOMT transmission coefficient of 12.2. It is important to include the coupling between the reaction coordinate and the normal modes orthogonal to it because the ZCT transmission coefficients seriously underestimate the tunneling contribution for both reactions. It should be noticed that the ZCT transmission coefficient is multidimensional because it includes the variation of G int (s) with s, which is a multidimensional effect, but it 19 and by Jodkowski et al., 26 respectively, are obtained from the second derivative of V MEP (s) at the top of the potential, i.e., those are completely one-dimensional models based on the normal mode with imaginary frequency at the transition state. The imaginary frequencies at the MC3BB level for reactions R1 and R2 are, respectively, 1466i and 1718i cm for reactions R1 and R2, respectively. In one-dimensional models, larger imaginary frequencies always lead to narrower potentials and, therefore, to larger transmission coefficients (see Fig. 3 ). In multidimensional models, such as μOMT, this is not so straightforward because although very close to the transition state the reactive motion can be regarded as one dimensional (at that stage the reaction coordinate involves essentially the motion of the atoms of the mode with imaginary frequency), as the reaction progresses toward reactants and toward products more normal mode motions get involved and coupling between the reaction coordinate and the other modes becomes important. As a consequence, the magnitude of the tunneling effect does not depend exclusively on the magnitude of the imaginary frequency at the transition state, although is still a useful but rough indication of the amount of tunneling.
Kerkeni and Clary 28 reported values for the imaginary frequencies calculated at the MP2(full)/cc-pVTZ level which are 1802i and 2158i cm −1 for reactions R1 and R2, coefficient is more sensitive to the value of the imaginary frequency, which in this case is too high. The issues raised in this discussion point out the importance of choosing electronic structure methods consistent not just with the energetics of the reaction (which can often be achieved by performing very accurate single-point calculations on optimized geometries obtained at a lower level), but also with other aspects of the potential energy surface, such as geometries and vibrational frequencies, which may have an important impact on the dynamics. On the other hand, the multidimensional methods for tunneling show the limited reliability of one-dimensional methods, since the latter do not account for many of the features of the chemical reaction. Table V lists the Arrhenius parameters obtained by different experimental techniques or by different theoretical methods for the R1 + R2 hydrogen abstraction process. The discharge flow reactor experiments are available at temperatures ranging from 295 to 680 K, which is a temperature region in which quantum effects are very relevant. To establish some difference between these data and those obtained from hightemperature experiments (as for instance pyrolysis and unimolecular decomposition), all data were divided into two sets, one "low-temperature" (low T) set for data between 295 and 700 K and one "high-temperature" (high T) set for data which are roughly between 700 and 2000 K. Although we do not recommend two-parameter Arrhenius fits in general, we made such fits in Table V simply as a convenient way to make comparisons.
III.D. Arrhenius parameters
Whereas the activation energies in Table V represent averages over given temperature intervals, it is also interesting to consider the temperature-dependent activation energy given by the local slope of an Arrhenius plot as Figure 4 plots E a as a function of temperature and shows that the anharmonicity in the torsional mode increases the energy of activation regarding to the harmonic treatment. Besides, E a increases substantially with temperature, i.e., from 5.73 kcal/mol (5.67 kcal/mol with the harmonic approximation) at T = 300 K to 17.7 kcal/mol (17.3 kcal/mol using the harmonic approximation) at T = 2500 K. This behavior is not just due to the quantum effects, which decrease both the pre-exponential factor and the activation energy at low T with respect to the classical rate constant because the TST activation energy also increases when going from low T to high T in values averaged over intervals (see Table V ); using Eq. (18) with TST gives 8.6 kcal/mol at T = 300 K and 18.3 kcal/mol at T = 2500 K. The change of the activation energy with temperature is typical of many bimolecular gas-phase reaction rate constants, [93] [94] [95] [96] and it leads to curved Arrhenius plots. Figure 5 shows a concave Arrhenius plot even at high T which is an indication of the rise of the activation energy with temperature.
On the basis of the rigorous definition given by Tolman 97, 98 in which the activation energy is interpreted as the average energy over all reacting molecules minus the average energy over all reactant molecules (independently of whether they react or not), it is possible to interpret the change of the activation energy with temperature. 94, 99, 100 Basically, an activation energy that increases with temperature means that at higher temperatures the average energy of reacting systems is increasing more rapidly than the average energy of all possible reactants. From the point of view of TST, the variation of the activation energy with temperature depends strongly on the magnitude of the transitional modes (the normal modes at the transition state structure coming from the rotational and translational motions of reactants), 101 an issue that was already pointed out by Meagher et al. 21 for the overall CH 3 OH + H reaction.
From the experimental point of view only the measurements of Li and Williams 10 are available at low T and high T and in this case a clear increase of the activation energy with temperature is observed. With the exception of this work and that of Cribb et al. 16 the high T experiments do not show a clear increase of the activation energy with respect to the low T experiments, so we believe that those high T experiments deserve further checking. It should be also noticed that most of the experimental data reported (listed in Table V) were fitted to Arrhenius expressions (the work of Li and Williams 10 is an exception). Some of these Arrhenius parameters were later on used in the modeling of the mechanism of combustion and oxidation of methanol; 8, 11 the approximation of uncurved Arrhenius plots could affect the conclusions of those studies. Figure 5 shows that our CVT/μOMT results are very similar to the reduced dimensionality quantum dynamics results of Kerkeni and Clary 28 till about T = 1000 K, and at higher temperatures they are closer to the thermal rate constants calculated by Jodkowski et al. 26 In the interval of temperatures at which the discharge flow reactor experiments by Aders and Wagner 20 were carried out and the ESR experiments by Meagher et al. 21 were performed, the calculated CVT/μOMT thermal rate constants lay below those values because the theoretical calculations lead to a much higher activation energy. The experimental data of Hoyermann et al. 18 are about six and three times larger than the CVT/μOMT results at T = 500 and 680 K, respectively, indicating also that their results have a more nearly constant slope. Actually, their results have the same slope as the values reported by Aders and Wagner, 20 which is surprising because the measurements by Hoyermann et al. 18 start at temperatures about 200 K higher; therefore, a larger activation energy would be expected. Meagher et al. 21 pointed out that, since their ESR experiments measure the disappearance of the H atom radical (the discharge flow reactor experiments also measure that concentration) part of the hydrogen radical could be consumed by the side reaction CH 2 OH + H → CH 3 + OH. However, both, the pre-exponential factor obtained, which is typical of that for a hydrogen abstraction reaction, and the high linearity in the decay of the hydrogen radical concentration, suggest that side reaction is unimportant. This is still a controversial issue because some of the modeling involved in the study of the mechanism of combustion of methanol 5, 7, 8 indicate its importance in the consumption of hydrogen radical and in the generation of OH radicals.
At high T reliable values of the thermal rate constants for reactions R1 and R2 are very important because most of the modeling of the combustion of methanol is carried out at these temperatures. The diversity of the values of the rate constants (see Table V and left corner of Fig. 5 ) indicates a great uncertainty in the experimental data. Because the energy of activation changes with temperature, the data are only comparable at the same interval of temperatures; nevertheless most of the data are incongruent with the low T experiments. Thus, the experiments of Westbrook and Dryer, 1 Warnatz, 3 Vandooren and Tiggelen, 14 Spindler and Wagner, 15 and Held and Dryer 7 lead to activation energies which are too low as compared to theory. Cribb et al. 16 reported a value for the activation energy of 14.1 kcal/mol for the interval between T = 1800 and 2740 K that is in relatively good agreement with the value of 16.7 kcal/mol obtained by CVT/μOMT for the same interval.
As mentioned above the large dependence of the activation energy on temperature discourages the use of Arrhenius expression for the overall R1 + R2 reaction even in small temperature ranges. One alternative to the equation of Arrhenius which is widely used in practice is
where A, n, and E are parameters and T is temperature. As shown in Refs. 100 and 101, Eq. (19) fits perfectly the curved Arrhenius plot only if the activation energy increases linearly with temperature, which is not the case here. However, at temperatures of combustion, as shown in Fig. 4 , the dependence of E a with temperature is almost linear, so in Table VI we report values of the A, n, and E fitting parameters for the total thermal rate constants above T = 700 K. To reproduce well the whole interval between T = 300 and 2500 K, it is necessary to use a more elaborate expression that reproduces the asymptotic behavior at low temperatures, i.e.,
This equation has four fitting parameters A, n, E, and T 0 . The errors are calculated as the value of the root mean square residual (RMSR), which is given by
TABLE VI. Fitting parameters to the CVT/μOMT thermal rate constants for the total reaction R1 + R2 and for R1 and R2 using Eqs. (19) and (20 (20) at low and midrange T, and either fit may be used at temperatures above T = 700 K.
III.E. Branching ratios
Reactions R1 and R2 obtained by CVT/μOMT were also fitted to Eqs. (19) and (20) . The results are given in Table VI . With the exception of the experiments of Li et al., 11 all the theoretical and experimental data plotted in Fig. 6 show that reaction R1 dominates over the whole range of temperatures 300-2500 K. All the theoretical works show some temperature dependence of the branching ratio with temperature. The CVT/μOMT calculations with the torsional mode treated within the harmonic approximation and the work of Lendvay et al. 19 predict similar branching ratios, with percentages that never reach 30% even at T = 2000 K, whereas the works of Kerkeni and Clary 28 and Jodkowski et al. 26 predict even smaller percentages for reaction R2. When anharmonicity is included the branching ratio increases, and at T = 2000 K, R1 contributes about 80% to the total abstraction reaction. In this context, the assumption of Held and Dryer 7 seems quite unrealistic because they consider that the branching ratio is independent of temperature, which is equivalent to assuming that both reactions have the same activation energy. On the other hand, the results reported by Li et al. 11 indicate that at T = 500 K, R2 contributes by more than 30% to the total abstraction reaction, and at about T = 800 K reaction R2 starts to dominate. However, at temperatures between 500 and 680 K, Hoyermann et al. 18 by doing deuterium isotopic substitution of methanol with the further analysis of the products showed, although not conclusively, that reaction R1 is the main channel for hydrogen abstraction from methanol. The theoretical calculations also support that conclusion. The comparison of theory and experiment for the branching ratio between reactions R1 and R2 brings into question the accuracy of the experimental results, so we recommend the use of Eqs. (19) and (20) with the parameters of Table VI for the study of mechanisms related to the combustion of methanol.
III.F. Kinetic isotope effects
The KIE is an important tool to study reaction mechanisms and analyze tunneling effects. We have calculated two KIEs at low temperatures (at which only R1 contributes significantly to the total abstraction rate constant), i.e., the secondary KIE defined as the reaction rate ratio between reactions R1 and R4, η 1,4 (T ), and the primary KIE given by the ratio between reactions R1 and R5, η 1,5 (T ). We use the notation where k H (T ) is the rate constant for reaction R1 and k D (T ) is that for R4 or R5 reactions. The KIEs are factorized into their quasiclassical, η QC (T ), and tunneling, η tun (T ) contributions, i.e.,
where
and η QC (T ) is given by
where η var (T ) is the variational contribution to the KIE and η TST (T ) is the TST contribution to the KIE and is given by
where η trans and η TST rot are the translational and rotational temperature-independent contributions and η TST vib,tor (T ) is the temperature-dependent vibrational contribution in which the torsional mode was treated using the TES method.
The experimental data of Meagher et al. 21 (see Fig. 7 ) show that the secondary KIE η 1,4 is inverse (smaller than the unity). Both sets of theoretical results shown in Fig. 7 also exhibit this tendency, although our CVT/μOMT results are in better agreement with the experimental data. The contributions to the KIE are listed in Table VII . The product of translational and rotational contributions does not change with temperature and equals 2.00. The anharmonic contribution of the torsional mode to the KIE is quite modest and the largest difference with respect to the harmonic oscillator treatment occurs at low T and is about 7%. The vibrational and variational contributions are smaller than unity, and at T = 300 K their product is 0.26, which gives a quasiclasical KIE of 0. 18 (see Fig. 8 ), although the KIEs obtained from their raw data may be unreliable because the thermal rate constants reported by them have large error bars. They also fitted the thermal rate constants for R5 and for R6 to the same Arrhenius expression. This looks like a good approximation since our CVT/μOMT calculations for R6 deviate less than 2% from those obtained for R5 in the temperature range 300 -2500 K, so we do not report those values here. The translational, rotational, and variational contributions are very close to unity, and their product leads to a value of only 1.29 at T = 300 K, so the main contribution to the quasiclassical KIE is due to vibration. For the factorization employed in Table VIII, 
where Q
TS−R1
vib,tor and Q
TS−R5
vib,tor are the vibrational partition functions of the conventional transition states (saddle points) of the R1 and R5 reactions, respectively, and Q CD 3 OH vib,tor and Q CH 3 OH vib,tor are the reactant vibrational partition functions of CD 3 OH and CH 3 OH, respectively. All of them include the calculation of the torsional mode partition function by the TES method. The vibrational KIE is larger than the unity because the quotient between reactants partition functions is quite big mainly due to the difference in the value of the frequencies of the C-D and C-H stretches. This mass effect largely compensates the quotient between the vibrational partition function of the transition states, which is smaller than the unity. In the case of the η 1,4 KIE, the latter is the only contribution to the vibrational KIE, because the vibrational frequencies of reactants are the same. Moreover, the anharmonic treatment of the torsional mode increases the vibrational contribution to the KIE by about 10%.
In this case, it is also easy to understand that the tunneling contribution increases the KIE, since the hydrogen atom is lighter than deuterium, and, therefore, it has a larger probability of penetrating the barrier, if the barriers are the same. In the SCT and μOMT approximations, the effective barriers are not the same, but still the expected trend holds.
This last section shows that, although most of the theoretical models discussed in this paper predict similar thermal rate constants for the hydrogen abstraction reactions, a multidimensional tunneling method is needed in order to obtain good agreement with some of the KIEs.
IV. CONCLUSIONS
In the present work, we have performed high-level MC3BB direct-dynamics CVT/μOMT calculations in the temperatures interval 300-2500 K for the two competing hydrogen abstraction reactions R1 and R2 from methanol by atomic hydrogen. We have pointed out the importance of using multidimensional models for treating tunneling, which, with other factors being equal, provide both more reliable absolute thermal rate constants and kinetic isotope effects. It turned out that at high temperatures the anharmonicity of the torsional mode about the C-O bond plays an important role because it leads to thermal rate constants that deviate substantially from those obtained by the harmonic oscillator approximation. On the other hand, our calculations and previous theoretical works clearly indicate that the activation energy for the overall R1 + R2 process increases substantially with temperature; a conclusion not supported by the high T experimental data (above T = 700 K), which do not show a clear trend. For this reason for reactions R1 + R2, R1 and R2 we recommend the use of Eq. (20) in the whole range of temperatures, although Eq. (19) can also be used at high T. We propose these equations (in detriment of the Arrhenius equation) for further studies involving these reactions (as, for instance, combustion reactions). Reaction R1 dominates at all temperatures in the interval 300-2500 K, contributing 100% at room temperature and about 75% at T = 2500 K, so the branching ratio R1/R2 changes with temperature. Our calculated KIEs are in quite good agreement with experiment.
